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Abstract 
Gravitational trapping of carbon dioxide in deep ocean sediments is attractive both for the long term stability provided by gravity 
as well as the large volume and hence storage capacity of deep ocean sediments at necessary depths. Unfortunately, most pelagic 
sediments suffer from extre mely low permeability  and are not expected to have an overlying mechanical seal , making 
emplacement of CO 2 contingent upon large scale hydraulic fracturing and some mechanism of arresting fracture growth before 
reaching the seafloor. An experimental design is presented with the capability of testing a variety of proposed fracture arrest 
mechanisms.  
© 2008 Elsevier Ltd. All rights reserved  
Keywords: Carbon dioxide sequestration; permeability; hydraulic fracturing; mechanical sta bility; reservoir engineering.  
1. Introduction 
At the large hydrostatic pressures and low temperatures (~2ºC) of the deep ocean (>2.7km) liquid CO2 is denser 
than water and is gravitationally trapped [1]. Injection in deep ocean sediments has been proposed as  a means of 
isolating the CO2 from dissolving into the ocean while achieving gravitational stability at a neutral buoyancy level 
within the sediments [2]. The depth of the neutral buoyancy level is a function of hydrostatic pressure, geothermal 
temperature and pore water salinity and together with porosity sets the storage capacity available for gravitationally 
stable sequestration [3]. The storage capacity of ocean sediments is potentially large, many times current annual CO2 
emissions [4]. The large scale  of gravitational sequestration in deep ocean sediments and their proximity to densely 
populated coastal areas near the edge of the continental shelf make this an attractive possibility for CO2 
sequestration. However, Levine et al. [3] presented data showi ng that the dominant pelagic calcareous and clay 
lithologies at the necessary seafloor depths have very low permeabilities, on the order of μDs and nDs, challenging 
the practicality of significant CO2 injection into these formations. Hydraulic fracturing has allowed industry to 
economically produce gas from shales with similar permeabilities [5], suggesting that massive hydraulic fracturing 
may enable CO2 sequestration at such low permeabilities. However, in the deep ocean, the absence of a mechanical 
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seal at the seafloor presents a risk that hydraulic fractures will propagate to the open ocean [3]. Furthermore, without 
a mechanical seal any vertical accumulation of liquid CO2 at depth may b uoyantly push up through the denser 
overlying weak sediments and propel itself to the seafloor [3]. These fracturing -induced mechanical instabilities 
must be overcome to be able to take advantage of the potential benefits of gravitational sequestration in deep ocean 
sediments. Experiments have been designed and conducted using sediment and liquid CO2 proxies to test possible 
instabilities and solutions.  
2. Hydraulic fracturing and mechanical instability  
Levine et al. [3] showed that pelagic calcareous sediments do not generally have an overlying stress or strength 
barrier or a physical caprock trapping CO2 injected below. In the deep ocean, sediments are horizontally isotropic 
and primarily stressed from overburden weight alone; horizontal stresses originate from a zero strain condition [3]. 
Because vertical stress is greater than horizontal stress in this environment, fractures will open in the minimum 
stress direction (horizontally) and be oriented vertically. A fracture will grow upward if its pressure is greater than 
the minimum horizontal in -situ stress. Neglecting tensile strength in these sediments [6, 7], the minimum stress also 
provides the limit to reservoir pressure at which fracturing the reservoir can be safely avoided [8]. Although the 
higher density of liquid CO2 at these depths will tend to counteract vertical fracture growth, the density difference is 
very small (<1% of total density) and thus injection pressures exceeding 1% of CO2 hydrostatic head will quickly 
overcome this density imbalance. Thus in order to safely fracture deep ocean sediments a mechanism must  be 
identified to stop the vertical propagation of fractures to the seafloor.  
 
Pelagic clays with nD permeability sediments will have Darcy flow rates that are almost negligible. Injection of 
CO2 into clays would therefore depend on creating or extending liquid CO2 fractures at a rate comparable to Darcy 
flow, similar to dike or sill injection. Liquid CO2 at the high pressures needed for transport from a capture source 
has a density similar to water [1]. Thus, the hydrostatic head within an injection pipe will transmit high CO2 
pressures at the surface to the injection pipe outlet, and the further compression of liquid CO2 for hydraulic 
fracturing would require little additional energy and infrastructure [1 5]. In the absence of a stress or strength barrier, 
these fractures would also have to overcome hydraulic instabilities, and also avoid propagation to the seafloor.  
 
In addition, buoyant fracture propagation has been proposed as a cause of hydrocarbon [9], methane [10], 
metamorphic water [ex: 11] and magma [ex: 12 ] migration through porous media. This adds a nother concern that 
since both gravitationally stable CO2 and sediment pore water are less dense than the bulk sediments, vertical 
accumulations of these fluids in fractures may propagate through the weak sediments to the seafloor [9, 10]. T he 
same problem has been described for an open hydraulic fracture in an oil reservoir: i f the fracturing fluid density 
gradient is less than the minimum horizontal in -situ stress gradient, the fluid will likely propaga te upwards  [13, 14] . 
Buoyant fractures containing low -density liquids can not rise through weak ocean sediments for this reservoir to be 
a viable sequestration option.  
3. Experimental Design  
To study different fracturing and arresting mechanisms in the laboratory, we created a simple physical model 
capable as a proxy to test different potential instabilities. Gelatin has been used previously in both artificially 
induced fractures for oil drilled cuttings disposal as well as natural fractures [16]. Studies of t he effect of state of 
stress on fracture orientation also used gelatin for the sediment or rock and plaster-of-Paris slurry as the fracturing 
fluid [7]. Takada [12] used gelatin to study propagation and propagation rates of buoyant hydraulic fractures. To 
study different failure modes, we used a rectangular acrylic container with 0.3 m (12”) depth and width and height 
of 0.76m (30”). This container was filled to about 0.5m with gelatin prepared by mixing 2% weight Type A gelatin 
(Great Lakes Gelatin, Graysl ake IL) and water at a temperature of 60-70°C and then left in a refrigerator to solidify 
overnight. Various gelatin concentrations were tested ranging from the 1.25% used in [12] to the 12% used in [7]. 
The lowest values proved to be particularly weak: small perturbations caused separation of the gelatin from the 
injection pipe. Higher concentrations introduced greater strengths but created gelatin dispersal problems while 
gaining no particular advantage. A 0.15cm (1/16”) inner diameter, 0.3cm (1/8”) outer diameter horizontal pipe 
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positioned at 7.6cm (3”) height above the bottom of the rectangular box passing through the box (Fig 1a) was used 
to inject fluid from a cut at its mid -point (Fig 1b). A metal rod was then inserted for gelatin formation, and upon 
removal provided a continuous path for the injected fluid to displace all the air in the tube before the start of 
fracturing. Fracturing in the gelatin was initiated once all the air was displaced from the pipe and reproduced vertical 
buoyant migration of fractures [12]. Dyes (food coloring, oil red) were mixed into all injection fluids to enable 
easier visualization and recording with standard photographic equipment.  
Figure 1: Gelatin model: 1a: Wide view showing the gelatin filled box with horizontal well filled with dyed fracturing fluid having displaced all 
air in the injection pipe; 1b: Close up showing plastic tubing with cut at mid-point for injection. Dyed fluid is stable within surrounding gelatin.  
4. Results 
 We were able to produce vertical  fracture propagation and buoyant fractures using vegetable oil (Fig 2a, b, c), 
mineral oil, and linseed oil (Fig 2d), a stationary fracture with water, and a sinking fracture using glycerin. Ethanol 
produced an unusual interaction with the gelatin at the well outlet after initial rise, followed by fractures at steeply 
dipping angles downwards despite its low specific density (0.79 g/cc) (Fig 2e,f). To test tensile strength, 
experiments were run with a fracture created by connecting the injection well to tu bing taped along the side of the 
acrylic box with the liquid level slightly higher than the gelatin level. Fracturing could be stopped and started and 
the fracture emptied or filled by changing the height of the tubing containing the fracturing fluid. Fracturing was 
found to commence at about 3cm above the gelatin in 1.6mm (1/16”) inner diameter plastic tubing and about 1.5cm 
above the gelatin in 6.4mm (1/4”) inner diameter plastic tubing with water as the fracturing fluid. When heights are 
corrected for the capillary effect of the tubing, the hydraulic fracturing tensile strength is found to correspond to a 
hydraulic head of about 1cm, consistent with the ~102 Pa tensile strength reported from a bending test [12]. Fracture 
filling with the same capillary co rrections was nearly identic al to the gelatin height, confirming previous results that 
gelatin is hydrostatically stressed and isotropic [12].  
a b c 
a b 
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Figure 2: Fracturing in gelatin: 2a,b, c, previous page left to right: A vegetable oil fracture rising  under its own buoyancy; 2d-g counter clockwise 
from top left: 2d: A linseed oil fracture propagating toward the surface; 2e,f: The result of injecting ethanol into gelatin: initial rise, followed 
immediately  by dissolution that disturbs gelatin locally, c oncluding with fracture propagation at a steeply dipping downward angle that becomes 
horizontal at the boundary [HW]; 2g: An early time picture of an un -dyed tetrahydrofuran fracture in gelatin exhibiting the same behavior. 
5. Hydrate experiments  
CO2 clathrat e hydrates will form at the colder temperature in the sediments closest to the seafloor, and might 
prevent either fracturing or buoyant fracture rise to the seafloor by forming a mechanical seal, a permeability seal, 
trapping CO2 in hydrate phase, or some complex combination of these effects. To test the effects on fracture growth 
and rise from hydrate formation at ambient pressure and temperatures above the freezing point of water, we used 
tetrahydrofuran (THF) as a hydrate former. Lee et al. [1 7] concluded that THF is a reasonable mechanical proxy for 
the process of hydrate formation at the pore scale. THF is highly reactive and will dissolve acrylic or plastic tubing. 
All lines were therefore made of metal or nylon, and peristaltic pump tubing with a Teflon inner liner (Tygon SE -
200, Cole Parmer, USA) was used. Unfortunately THF injection into gelatin (Fig. 2g above) produced the same 
effect as ethanol injection, with the THF forming fractures that oriented themselves at a steeply dipping angle 
downwards d espite its specific density of 0.88 g/cc. We conclude that because both ethanol and THF are strong 
solvents, they are likely dissolving the gelatin. Ethylene oxide will also form hydrate at ambient pressure and 
temperatures above the freezing point of water, but is an even stronger solvent and more difficult to work with.  
 
As an alternative, a chemically stable transparent media may be used to visualize fracturing and hydrate 
formation. Silica beads [18] provide no cohesion and are highly permeable and so cannot reproduce the appropriate 
fracturing mechanism. Oil -based silica gels [19] contain no water and cannot be used to test hydrate formation. 
Glass microbubbles in water are viscous and impermeable. Thus we propose using laponite (Southern Clay 
Products , Gonzales TX), a transparent synthetic hectorite clay previously used in bubble rise experiments [ 20]. 
d g 
e f 
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Although a synthetic clay, which introduces hydrophilic surface effects, it has stability like clay and will provide a 
transparent media for these studies.  
6. Discussion  
With the proposed experimental design, and ability to reproduce hydraulic fracturing and buoyant fracture rise 
and fall, we are ready to test different reservoir engineering solutions for arresting vertical fracture growth and 
buoyant fracture rise as well as the effects of hydrate formation.  By using transparent gelatin, laponite, and dyed 
fluids we will be able to see processes such as hydrate formation and buoyant fracture rise as they occur.   
6.1.  Reservoir engineering solutions  
6.1.1. Stress alteration 
The relative homogeneity of pelagic sediments makes large discontinuities or changes in stiffness unlikely. 
Gudmundsson and Brenner [21] suggest that discontinuities, changes in stiffness between layers, and stress barriers 
may each contribut e to fracture arrest. While natural stress barriers are not expected in ocean sediments, Warpinski 
and Branagan [2 2] show that stress alteration due to hydraulic fracturing changes the direction of minimum in -situ 
stress and can cause a subsequent fracture  to open in a different direction. Hydraulic fracturing may therefore be 
used to create stress barriers or to change fracture orientations - two possibilities that can be tested using the gelatin 
model. An artificial stress barrier might be created by a hy draulic fracture in an upper layer  to prevent a fracture in a 
lower layer from extending upwards [22]. Fracture orientation in this case changes by altering the stress field in both 
horizontal directions, making the minimum in -situ stress vertical, and thu s the induced fracture propagates 
horizontally. In one gelatin experiment, w e placed a 15cm (6”) layer of sand on top, creating a stress barrier that 
arrested a buoyant vegetable oil fracture (Figure 3a) and prevented vertical fracture propagation from the  injection 
well (Figure 3b). Instead, the induced fracture propagated laterally (Figures 3c, 3d). When the overburden weight of 
the sand was preferentially loaded on top of the gelatin, causing it to compress against the bounding wall,  the 
induced fracture could not push through the overlying compressed layer and connect with the higher permeability 
sand above (Figure 3e, f).  
a b c d 
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Figure 3: Stress barrier arresting fracture growth: Figure 3a-d top left to right: The weight of the sand creates a stress barri er in the uppermost 
layer of gelatin causing ( 3a) a buoyant vegetable fracture to stop rising, (3b) preventing pressurized vertical propagation, ( 3c,d)  and lateral 
fracture propagation; 3e,f bottom left and right: The fracture cannot push through the gelatin immediately below the sand and does not meet the 
sand layer above.  
6.1.2. Buoyant diverters and proppant  
Another reservoir engineering technique for injecting into a formation without a stress barrier is to inject a 
buoyant material that rises to the top of th e fracture and causes a local reduction in permeability [2 3]. This causes a 
large pressure drop at the fracture tip that diverts the fracture from growing upwards [2 3]. By lowering the pressure 
at the upper fracture tip but not at the other fracture tips, the fracture can still expand laterally, or downward, but has 
insufficient pressure at the top of the fracture to continue propagating upwards. Relying on a buoyant diverter for 
vertical fracture stabilization requir es that any lateral extension of a fracture must be accompanied by successful 
diverter placement at the top of the fracture to avoid the fracture “mushrooming” beyond the barrier [2 4].  Using a 
buoyant diverter is a dynamic method of preventing fracture extension upwards . It  works because the flo wing 
fracture fluid loses pressure while pushing through the impermeable diverter. Hydraulic fractures kept open by 
injection pressure buoyantly rise if the minimum effective stress gradient is greater than the hydrostatic pressure 
gradient within the fracture [13, 14]. A buoyant diverter may therefore stem fracture runaway to the seafloor, but 
would not affect buoyant fractures which rise from static differences in pressure gradients. Secor and Pollard [13] 
presented a theoretical model of open fracture buoyant instability and concluded that proppant (i.e. sand) could be 
used to prevent buoyant propagation by “reducing the operating pressure” (i.e., lose pressure and close around a 
proppant). Upon fracture closure, contained fluids and proppant can no longer contribute to buoyant fracturing, and 
therefore, injecting proppant into fractures may prevent buoyant fracture rise. Injecting a buoyant diverter or sand 
proppant into an unstable fracture in gelatin would test this arrest mechanism.  
6.2.  Hydrates  
Hydrate c an cause permeability reductions [2 5] and increase sediment strength at high saturations [2 6], but may 
be limited by transport limitations in low permeability porous sediments. Hydrate formation kinetics are very fast 
[27] and are expected to overwhelm the  finite times of fracture propagation and certainly would be much faster than 
buoyant fracture rise [10]. However, hydrates can only form in the presence of sufficient water and CO2, and so may 
be transport limited in low permeability sediments. Given the relative miscibilities of water and CO2, for hydrate to 
remain stable it is most likely to be at the interface between water and liquid CO2 where it will act as a self -limiting 
transport barrier, with hydrate growth controlled by slow diffusion across the solid hydrate itself [27]. For a CO2 
e f 
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fracture, hydrate is expected to form as a skin at the fracture boundary, reducing permeability, and preventing any 
further flow across the fracture border, similar to proposed behavior of natural gas hydrates and fract ures [28]. This 
would suggest that CO2 being actively fed into a vertically propagating, actively growing fracture will not have 
sufficient water for hydrate formation to stop the fracture, but slow rising buoyant fractures may have sufficient 
hydrate form ation to deprive the fracture of the fluid height and pressure necessary for buoyant rise. 
7. Conclusion  
The low permeabilities of pelagic sediments will require large injection areas that can be achieved by either 
extremely long horizontal wells, hydraulic f racturing or both. To safely fracture deep ocean sediments without a 
mechanical stress or strength barrier a fracture arrest mechanism must be identified to stop both dynamic fracture 
growth and buoyant fracture rise towards the seafloor. Experiments with sediment and injection fluid proxies allow 
different fracture arrest mechanisms to be tested. These include artificial stress barriers or change fracture 
orientation, adding reservoir engineering additives such as an impermeable buoyant diverter or proppan t, relying on 
CO2 hydrate formation, as well as combinations of these different methods. By identifying a solution or combination 
of solutions a reservoir engineering simulation may be developed to incorporate fracture dynamics and potential 
arrest mechani sms. The results of such a simulation would allow evaluation of the flow rates and storage capacity of 
a gravitational sequestration site in deep ocean sediments. Successful reservoir engineering in deep ocean sediments 
would enable gravitational sequestration over potentially large regions of the ocean floor [3] and within close 
proximity to industrial CO2 sources. 
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